http://dx.doi.Org/10.5115/acb.2012.45.4.221 
pISSN 2093-3665 elSSN 2093-3673 



Anatomy & Cell Biology \ 



Respiratory epithelial cell lines exposed to 
anoxia produced inflammatory mediator 

Cyrus M. Shahriary\ Terry W. Chin^'^, Eliezer Nussbaum^ 

^Department of Pediatric Pulmonary/ Allergy and Immunology, Miller Cliildrens Hospital, University of California, Irvine, CA, ^Division of Pulmonary/ 
Allergy and Immunology, Department of Pediatrics, Loma Linda University, Loma Linda, CA, USA 

Abstract: Human epithelial cell lines were utilized to examine the effects of anoxia on cellular growth and metabolism. Three 
normal human epithelial cells lines (A549, NHBE, and BEAS-2B) as well as a cystic fibrosis cell line (IB3-1) and its mutation 
corrected cell line (C38) were grown in the presence and absence of oxygen for varying periods of time. Interleukin-8 (IL-8) 
levels were measured by enzyme-linked immunosorbent assay technique. Cellular metabolism and proliferation were assayed 
by determining mitochondrial oxidative burst activity by tetrazolium compound reduction. The viability of cells was indirectly 
measured by lactate dehydrogenase release. A549, NHBE, and BEAS-2B cells cultured in the absence of oxygen showed a 
progressive decrease in metabolic activity and cell proliferation after one to three days. There was a concomitant increase in 
IL-8 production. Cell Unes from cystic fibrosis (CF) patients did not show a similar detrimental effect of anoxia. However, 
the IL-8 level was significantly increased only in IB3-1 cells exposed to anoxia after two days. Anoxia appears to affect certain 
airway epithelial cell lines uniquely with decreased cellular proliferation and a concomitant increased production of a cytokine 
with neutrophilic chemotactic activity. The increased ability of the CF cell line to respond to anoxia with increased secretion 
of inflammatory cytokines may contribute to the inflammatory damage seen in CF bronchial airway. This study indicates the 
need to use different cell lines in in vitro studies investigating the role of epithelial cells in airway inflammation and the effects of 
environmental influences. 
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IntroductiOTi 

One of the cardinal functions of the lung is to provide 
sufficient oxygen to meet cellular metabolic demands. 
However, there may be certain conditions such as chronic 
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obstructive pulmonary diseases, asthma, cystic fibrosis 
(CF), pulmonary hypertension, and pneumonia in which 
mucus plugging of the bronchial airways results in impaired 
ventilation/perfusion relationships and subsequently localized 
hypoxia and even anoxia. Understanding the implications of 
anoxia in peripheral airways has not been well studied and is 
impeded by the lack of adequate animal models. 

Because of the difficult access to small airways (<2 mm 
diameter), there are few in vivo studies of the effects of low 
oxygen tension. In a murine model of acute respiratory 
distress syndrome, lipopolysaccharide-treated animals ex- 
posed to hypoxia had a significantly increased influx of 
neutrophils in their bronchoalveolar lavage (BAL) fluid 
[1], as would be expected with increased neutrophilic 
chemokine production. Unfortunately, the functional murine 
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interleukin-8 (IL-8) homologues keratinocyte-derived cyto- 
kine and macrophage inflammatory protein (MIP) 2 were 
not measured. Evidence for other cytokines had been found 
in animals exposed to hypoxia. Madjdpour et al. [2] found 
increased levels of mRNA for tumor necrosis factor-a, MIP- 
1 beta, and monocyte chemoattractant protein- 1 in the BAL 
fluid. These cytokines appeared to be macrophage dependent. 
There is abundant in vitro evidence that hypoxia may aggra- 
vate airway inflammation through an effect on immune cells 
such as macrophages [3] or monocytes [4]. However, detailed 
studies on hypoxic or anoxic effects on lung epithelial cells are 
lacking and their effects remain to be elucidated. 

Since anoxic effects on airway epithelial cells have not 
been extensively studied, we examined the inflammatory 
response, specifically, the production of IL-8, and metabolic 
activity of alveolar and bronchial epithelial cell lines exposed 
to anoxia. IL-8 was chosen because of its chemotactic effect 
on neutrophils, whose presence in the airways may reflect an 
inflammatory response in many chronic lung conditions such 
as asthma and cystic fibrosis. These conditions also result in 
mucus plugging with subsequent distal atelectasis and anoxic 
conditions. 

Materials and Methods 

Cell culture 

Epithelial cell lines were originally obtained from the 
American Type Culture Collection (ATCC, Manassas, VA, 
USA), grown and passed as suggested by the manufacturer. 
They were: A549 cells (ATTC CCL-185), which are human 
alveolar basal epithelial cells from an explanted culture of 
lung carcinomatous tissue; BEAS-2B cells (ATTC CRL-9609), 
which is an adenovirus-transformed bronchial epithelial cell 
line obtained from autopsy of non-cancerous individual; 
IB3-1 cells (ATCC CRL-2777), which is an immortalized 
bronchial epithelial CF cell line with the mutation F508/ 
W1282x in the cystic fibrosis transmembrane regulator 
(CFTR) protein, and C38 cells (ATCC CRL-2779), which is 
a stable cell line derived from the IB3-1 cells in which the 
defective CFTR protein has been corrected by transfection 
with a wild-type adeno-associated viral cystic CFTR gene. An 
additional normal human bronchial epithelial cell (NHBE) 
line had been obtained from Lonza Walkersville Inc. (No. CC- 
2541, Walkersville, MD, USA). NHBE, A549, and BEAS-2B 
cells were grown in Dulbeccos modified Eagles medium basal 
medium supplemented with 10% fetal bovine serum (FBS), 



penicillin-streptomycin 100 U/ml, glutamine 100 mg/ml, 
and amphotericin B 2.5 |ig/ml at 37°C in a 5% CO2 incubator. 
The CF cells were grown in LHC-8 basal medium (12679- 
015, Invitrogen, Carlsbad, CA, USA), supplemented with 5% 
FBS in 75 cm^ tissue culture flasks precoated with a mixture 
of 0.01 mg/ml fibronectin, 0.03 mg/ml bovine collagen type 

1, and 0.01 mg/ml bovine serum albumin dissolved in LHC-8 
medium at 37°C, in a 5% CO 2 incubator. 

In experiments with A549, BEAS-2B, and NHBE cells, FBS 
were substituted with an artificial serum supplement CSPC 
(Sigma, St. Louis, MO, USA) at 10% or no serum supplement. 
When all cells reached 80% confluence they were passed or 
transferred to microtiter plates at a concentration of 100,000 
cells/ well (or 10^ cells/ml) and allowed to adhere overnight. 
The plates were then placed in varying duration in either the 
regular incubator with regular air consisting of 74% N2, 21% 

02, and 5% CO2, or an anoxic environment in which the air 
was substituted with 95% N2 and 5% CO2. Measurement of 
the oxygen tension in the incubator at six hours confirms zero 
oxygen tension. 

Cell proliferation, cytotoxicity, and production of 
cytokines 

Both cellular proliferation and metabolic activity were 
determined by the level of ATP activity in mitochondria 
by measuring the change in the tetrazolium compound 3- 
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)- 
2-(4-sulfophenyl)-2H-tetrazolium (MTS) (CellTiter 96 
Aqueous, Promega, Madison, WI, USA) using colorimetric 
measurements in enzyme-linked immunosorbent assay 
(ELISA) reader. With the addition of an electron coupling 
reagent (phenzaine methosulfate or PMS) MTS is bioreduced 
by cells into a formazan product that is soluble in tissue 
culture medium and can be quantified by its absorbance 
at 490 nm. The actual metabolic activity of the cells can be 
examined by looking at the changes in OD490/OD690 at 
multiple time points within the first 90 minutes after the 
addition of the MTS. The slopes of the increase in OD490/ 
OD690 were obtained by the best fit linear curve of at least ten 
samples and the means were compared among the different 
cell lines. Cell proliferation can be indirectly determined by 
measuring the OD490/OD690 four hours after the addition 
of the MTS. This is the plateau measurement for all the 
cell lines although some cell lines such as A549 reached it 
earlier. Confirmation that this measurement represented cell 
number was indicated by its correlation with DNA synthesis 
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by the cell proliferation BudU assay (Roche Molecular 
Biochemicals, Mannheim, Germany), performed according 
to the manufacturer's protocol in one set of experiments. 
In addition, there was a linear correlation with the number 
of cells plated (10,000, 25,000, 50,000, and 100,000 cells per 
well) and their MTS reduction four hours later. Results with 
the latter cellular concentration are reported. Finally, lactate 
dehydrogenase (LDH) levels in supernatants were obtained 
after the incubation period, indicating cell membrane 
integrity or viability (Tox-7, Sigma- Aldrich). 

Supernatants were also withdrawn from the wells and 
measured for various cytokines, including IL-8 (Biosource, 
KHC0084, Invitrogen) and transforming growth factor- p 
(TGF-P; Biosource, Invitrogen), by the ELISA technique. 

The response by the different cell lines to anoxia was 
compared by the Student s paired ^-test. Determination of any 
significant changes over varying time periods were performed 
using ANOVA. 

Results 

Metabolic activity of airway epithelial cells 

Mitochondrial activity in the cell lines was examined by 
measuring the rate of ATPase activity over 90 minutes after 
one to four days of anoxia. There were varying responses of 
several epithelial cells (Table 1). For A549 cells, there was an 
immediate and significant decrease in cellular metabolism 
after just one day of exposure (P<0.01 by ANOVA). However, 
BEAS-2B and NHBE cells required two days of anoxic in- 
cubation before a significant decrease in mitochondrial 
activity was observed (P<0.001 by ANOVA). For both CF cell 
lines, anoxia had no effect and in fact there is some indication 
that cells thrived in the absence of oxygen. 

The detrimental effect of anoxia was most apparent with 
those cells with the highest level of metabolic activity (that 
is, the A549 cells). Since atelectasis may also decrease the 
blood supply of various nutrients to the cells, different media 
supplements were added to determine if there was any 
protection to the effects of anoxia. There did not appear to be 
any lessening with the addition of either 10% fetal calf serum 
or an artificial media, CSPC, in the media (data not shown). 

Airway epithelial cellular proliferation 

Although we did not look directly at cell number or 
DNA concentration, the total amount of living cells can be 
examined indirectly by comparing the metabolic activity 
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Table 1. Metabolic activity of epithelial cells 





Culture 




Culture conditions 






Cells 


duration 


Normoxia 


Anoxia 


P -value 




(days) 


Mean 


SD 


Mean 


SD 




A549 


1 


0.6321 


0.0772 


0.4725 


0.1964 


0.0279 




2 


0.6694 


0.0970 


0.3307 


0.2605 


0.0012 




3 


0.5850 


0.0995 


0.2142 


0.1998 


0.0001 




4 


0.3819 


0.0557 


0.2212 


0.2639 


0.0759 


BEAS-2B 


1 


0.1526 


0.0457 


0.1214 


0.0486 


0.1567 




2 


0.2086 


0.0379 


0.0970 


0.0826 


0.0011 




3 


0.2523 


0.0408 


0.0324 


0.0399 


0.0000 




4 


0.2511 


0.0496 


0.0761 


0.0758 


0.0000 


NHBE 


1 


0.0263 


0.0082 


0.0270 


0.0041 


0.8170 




2 


0.0621 


0.0185 


0.0421 


0.0261 


0.0626 1 




3 


0.1154 


0.0359 


0.0301 


0.0173 


0.0000 




4 


0.1488 


0.0524 


0.0788 


0.0446 


0.0048 


IB3 


1 


0.1122 


0.0216 


0.1094 


0.0003 


0.8735 




2 


0.1002 


0.0041 


0.0974 


0.0202 


0.8627 




3 


0.1317 


0.0042 


0.1531 


0.0049 


0.0426 




4 


0.1368 


0.0114 


0.1099 


0.0054 


0.0946 


C38 


1 


0.3564 


0.2717 


0.0944 


0.0004 


0.3060 




2 


0.1840 


0.0390 


0.2144 


0.0407 


0.5247 




3 


0.3041 


0.0803 


0.2596 


0.0034 


0.5157 




4 


0.2407 


0.0028 


0.3765 


0.0038 


0.0006 



Cellular metabolic activity is expressed as the increase in mitochondrial 
oxidative activity over time (AOD49o/min). P- value was obtained by the two- 
tailed Student t-test assuming equal variance. 



four hours after the addition of MTS since there is a linear 
relationship between activity and cell number. The greatest 
effect of anoxia occurred after 3 days of exposure for A549, 
NHBE, and BEAS-2B cells, with all three showing significant 
decreases in activity (P<0.001 by ANOVA) (Fig. lA-C). 
A549 cells rapidly grew in the first 24 hours and then there 
was a plateau. However, all cells exposed to anoxia began to 
decrease their activity after 1 day and then reached a plateau 
after 3 days. There was no effect when fetal calf serum was 
added to the media. 

In contrast, there did not appear to be any significant 
effect of anoxia on the proliferation of the two CF cell lines 
(corrected and uncorrected) (Fig. ID). This is similar to a 
lack of effect of their mitochondrial oxidative activity. There 
also was no increase in cellular permeability as measured 
by release of LDH in the supernatant. However, the IB3- 
1 cells under both conditions (anoxia and normoxia) did 
demonstrate an increase in cell membrane permeability when 
compared with the C38 cells suggesting a CFTR dependent 
mechanism. The cell membrane also became more permeable 
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Fig. 1. Cell proliferation in respiratory epithelial cells after varying exposures to anoxia or normal conditions in fetal bovine serum (FCS)- 
supplemented or non-supplemented media. Panel (A) shows a typical result for A549 cells; (B) for NHBE cells; and (C) for BEAS-2B cells in 
various media as indicated. Panel (D) shows typical results for IB3-1 (triangle marks) and C38 (square marks) cells in plain media without FCS. 
Shown are ratios of optical density (OD) measured at 490 nm divided by the OD measured at 690 nm four hours after the addition of MTS after 
exposure to anoxia (dotted lines, open marks) or normal oxygen (solid lines, solid marks) environments for varying days (one to four) as indicated. 



the longer the cells remained in the anoxic environment (Fig. 
2). 

Cytokine production 

The production of cytokines was also affected by the 
presence of anoxia. There were significantly higher levels 
noted under all circumstances. Interestingly, the highest levels 
of IL-8 were seen with A549 cells under anoxic conditions 
and type of growth media did not make any difference. For 
the NHBE and BEAS-2B cells, the condition which resulted 
in least metabolic activity resulted in highest IL-8 production 
(i.e., cells supplemented with CSPC under anoxia) (Fig. 3). 
Decreased production of IL-8 occurred only in NHBE and 
BEAS-2B cells grown in anoxia with supplementation of the 



media with fetal calf serum (FCS). In contrast, there no effect 
of FCS with anoxic A549 cells. Finally, the levels of TGE-^ 
were uniformly decreased in the presence of anoxia after three 
days of incubation (data not shown). 

There was a progressive increase in IL-8 levels produced 
by both CF cell lines under anoxic as well as in normal 
conditions. However, the cells with the mutation in CETR (i.e., 
IB3-1) produced significantly much more IL-8 when exposed 
to anoxia, which were even significantly different after 
one hour exposure (P<0.01). The difference became more 
pronounced the longer the cells were exposed. Fig. 4 shows 
the results of a typical experiment. Anoxic CETR-corrected 
(C38) cells also showed an increase in IL-8 production, but 
not as pronounced as the IB3 cells. IL-8 levels in CF cell 



http://dx.doi.org/10.5115/acb.2012.45.4.221 



www.acbjournal.org 



Respiratory epithelial cell lines exposed to anoxia 



Anat Cell Biol 2012;45:221-228 225 



X 



1.2 
1.0 
0.8 



□ Normoxic IB3-1 

■ Anoxic IB3-1 

O Normoxic C38 

^ Anoxic C38 




Day 0 



Day 1 



Day 2 



Day 3 



Fig. 2. Cellular cytotoxicity of cystic fibrosis cell lines. Cell viability 
was measured by the release of lactate dehydrogenase (LDH) by IB3- 
1 and C38 cells after incubation for varying times in either conditions 
of anoxia or normal air (normoxia). Shown are ratios of optical density 
(OD) measured at 490 nm divided by the OD measured at 690 nm 
after addition of LDH assay mixture within 30 minutes of triplicate 
wells of a typical experiment of three. 
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Fig. 4. Production of interleukin-8 (IL-8) in cystic fibrosis cell lines. 
The IB3-1 cells (with cystic fibrosis transmembrane regulator [CFTR] 
mutation) (triangle marks) and C38 cells (corrected CFTR) (square 
marks) were incubated for varying time in either conditions of anoxia 
(dotted lines and open marks) or normal air (normoxia) (solid lines 
and solid marks). The day 0 results are the responses of cells exposed to 
anoxia or normoxia for one hour. Shown are the mean levels of IL-8 (pg/ 
ml) with standard error. The P-values are shown comparing the results 
of IB3-1 or C38 cells under anoxia to normoxia. The day 0 P- values are 
P<0.05 for IB3-1 andP=0.1 for C38 cells. 
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Fig. 3. Production of interleukin-8 (IL-8) in normal respiratory cell 
lines after three days of exposure to anoxia or normal conditions 
with different media. Panel (A) are mean levels of IL-8 (pg/ml) with 
standard error for triplicate wells and three experiments for A549 cells; 
(B) for NHBE cells; and (C) for BEAS-2B cells. The cells were grown 
with media supplemented with either no serum supplement (media- 
plain), 10% artificial nutrients (media-CPSC), or 10% fetal calf serum 
(media-FCS) as indicated below the bars. The P-values are shown 
comparing the results under anoxia (solid bars) and normal oxygen 
(open bars) conditions. 



www.acbjournal.org 



http://dx.doi.org/10.5115/acb.2012.45.4.221 



226 Anat Cell Biol 2012;45:221-228 



Cyrus M. Shahriary, et al 



lines with corrected CFTR (C38) were statistically higher 
under anoxia condition compared to normoxic environment 
(P<0.05). 

Discussion 

Hypoxia and certainly anoxic conditions result in different 
cellular reactions depending on the epithelial cell lines 
studied. In some cells a marked decrease in metabolic activity 
was immediately observed whereas more prolonged anoxic 
exposure was needed for other cell lines. Therefore, the use 
of A549 cells by SignoreUi et al. [5] and Jia et al. [6] may limit 
their conclusions on the effects of hypoxia to alveolar but not 
bronchial epithelial cells. These results suggest the need to use 
several epithelial cell lines in in vitro studies. 

However, all cells show significantly higher levels of IL-8 
in the absence of oxygen after 2-3 days of culture. Therefore, 
anoxia appears to affect epithelial cells in two ways; increased 
production of IL-8 and decreased cell proliferation or meta- 
bolism. Such plausible mechanisms may explain the con- 
tribution of airway inflammation and of damage of epithelial 
cells exposed to anoxic conditions such as atelectasis due to 
mucus plugs or severe peripheral airway inflammation. 

CF bronchial epithelial cell lines with CFTR dysfunction 
(IB3-1) or corrected CFTR (C38) also showed an increased 
secretion of IL-8 when exposed to anoxia. Other studies 
of bronchial epithelial cells derived from CF patients also 
showed low levels of baseline IL-8 production which did not 
differ between CFTR-corrected and mutated cells [7]. When 
exposed to various stimulants, such as toll-like receptor ago- 
nists, there was a stimulation of IL-8 production [8]. The 
presence of anoxia was also an effective induction of IL-8 but 
not TGF-p. In addition, our CF cell lines were unique because 
unlike the other three cell lines studied there was no apparent 
effect seen in either metabolic activity or cellular proliferation 
in anoxia. 

Our study indicates that an increased inflammatory reac- 
tion by airway epithelial cells in an anoxic environment. Fac- 
tors such as hypoxic gene expression may play a role in airway 
epithelial cells responses. In normal airway epithelial cell lines 
it has been established that hypoxia inducible factor 1 (HIF-1) 
is a primary driver of hypoxic gene expression in many cells 
and tissues playing a major role in lung adaptation to hypoxia 
and anoxia conditions [9-11]. Recent studies have suggested 
the role of other transcription factors for hypoxia induced 
lung adaptation, including the activating transcription factor/ 



cAMP response element binding protein (ATF/CREB) family 
and genes that contain CREB family binding sites, such as 
ATF-3, endothelin-1 and vascular endothelial growth factor 
receptor- 1. Transcription factors such as these have been 
found to be activated during hypoxia and have been shown 
to play a role in hypoxia related pulmonary diseases [12-14] 
although the exact pathway to airway inflammation has not 
been clearly elucidated. 

The mechanism of hypoxia -induced IL-8 production is 
complex and dependent on the type of cell. In normoxia, 
the mitochondria consume approximately 90% of available 
oxygen through oxidative phosphorylation and ATP gene- 
ration to satisfy the cells metabolic needs [5]. The remaining 
10% is utilized for other processes including degradation 
of hypoxia-responsive transcription factors. However, 
in hypoxia the high affinity of cytochrome c oxidase for 
oxygen in the mitochondria consumes any available oxygen 
molecule and allows the increase in certain transcription 
factors such as HIF. Levels of HIF- 1 protein is regulated at 
the post-translational level by prolyl hydroxylase domain 
(PHD) proteins, through the hydroxylation of HIF-1 and 
subsequent proteasomal degradation. The activity of PHD 
enzymes is inhibited by low oxygen tension, permitting 
HIF-1 stabilization during hypoxia. Depending on the cell 
type, these transcriptional factors appear to regulate IL-8 
transcription. HIF-1 did not result hypoxic induction of IL-8 
in macrophages [15], but AP-1 and CREB were increased. 
There was no increase in nuclear factor kB (NF-kB) binding 
activity. On the other hand, hypoxia did increase IL-8, HIF-1, 
and NF-kB transcriptional activity in prostate cancer cells [16]. 
In pancreatic cancer cells, AP-1 and NF-kB factors promoted 
IL-8 gene transcription [17]. 

Cells with the defective CFTR showed a ten-fold increase 
in IL-8 release than the cells with the corrected CFTR. The 
ability of the CF cell lines to produce increased secretion 
of inflammatory cytokines (e.g., IL-8 with neutrophilic 
chemotactic activity) may contribute to the enhanced in- 
flammatory response and subsequent damage seen in the 
airways of CF patients. Although the viability and metabolic 
activity of both types of CF epithelial cells were not altered 
in the presence of anoxia, increased cellular permeability as 
measured by LDH release was observed in the uncorrected 
CFTR cells. 

It has been shown that hypoxia impairs the function 
of the alveolar epithelium and thus augments edema via 
reduced clearance of lung liquid. This phenomenon has been 
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suggested to be due to impaired airway epithelial sodium 
transport related to the decrease in alveolar epithelial Na^- 
K^-ATPase hydrolytic activity and not secondary to the 
alteration of cellular energy source when exposed to hypoxia 
[18-21]. Since CF epithelial cells have an inherent defective 
transmembrane electrolyte transport system this tendency for 
increased edema due to impaired Na^ transport in hypoxia 
may be balanced by the effect of defective CI transport 
by CFTR mutation. Our observation of increased cellular 
permeability in the uncorrected CFTR cells suggest the 
impaired Na^ transport supersedes the CI movement since 
the corrected CFTR failed to correct the increased leak of 
LDH. 

It should be noted that studies to investigating the oxy- 
gen level in airways distal to mucous plugging are limited. 
Additional studies should evaluate the level of fluid in- 
flammatory markers (i.e., IL-8) in BAL fluid of selective 
obstructed airways distal to mucous plugging and compare 
the amount found in nonobstructed regions of the bronchial 
tree. In addition, the effects of hypoxia/anoxia on airway 
permeability and integrity of tight junctions between airway 
epithelial cells should be further examined. In any case, 
initiating aggressive airway clearance measures to alleviate 
areas of atelectasis should result in decreased inflammatory 
process and improved pulmonary function by decreasing the 
inflammatory response of airway epithelial cells. 

Because of differing results observed depending on the 
origin of the cells studied, the need to use multiple cell lines 
is illustrated by these results. In general, respiratory epithelial 
cells show production of IL-8 upon exposure to anoxia. 
However, the time courses differ with some cells showing a 
relative resistance to the detrimental effects on metabolism 
and proliferation. 
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